We report on fabrication of tubular optical waveguides buried in ZBLAN glass based on transverse femtosecond laser direct writing. Irradiation in ZBLAN with focused femtosecond laser pulses leads to decrease of refractive index in the modified region. Tubular optical waveguides of variable mode areas are fabricated by forming the four sides of the cladding with slit-shaped femtosecond laser pulses, ensuring single mode waveguiding with a mode field dimension as small as ~4 μm.
Optical waveguides that guide light along predetermined paths are a crucial building block of integrated photonic devices. Recently, fabricating optical waveguides with femtosecond laser direct writing has attracted much attention, as this approach uniquely allows formation of three-dimensional (3D) photonic circuits in various transparent materials (i.e., glass, crystals and polymers) in a continuous single-step processing manner [1] [2] [3] [4] [5] [6] . In many glasses such as fused silica and borosilicate glass, waveguides written by focused femtosecond laser beams consist of cores with increased refractive index that overlap the center of focal spots 7 . Meanwhile, femtosecond laser can also induce negative refractive index change in several kinds of glass and crystals, such as ZBLAN glass, YAG crystal and lithium niobate crystal [8] [9] [10] [11] [12] [13] [14] . In these materials, waveguides are generally produced by forming a cladding region of reduced refractive index by irradiation of femtosecond laser pulses. The waveguides fabricated in such a way are usually termed "tubular waveguides" as the cladding appears like a tube which surrounds the waveguiding area unaffected by the laser irradiation. In the transverse writing scheme, the claddings can be formed by parallelly overlapping multiple tracks written by the focused femtosecond laser pulses along the boundaries of the waveguiding areas 8, 9 . This requires a considerable number of scan times to form the claddings, and the large thicknesses of the formed claddings may cause considerable difficulty in using such waveguides for constructing evanescent-coupling-based photonic circuits such as beam splitters and Mach-Zender interferometers. Alternatively, the tubular waveguides can also be formed with a longitudinal writing scheme [15] [16] [17] . In principle, this approach allows formation of tubular waveguides with small mode areas and thin cladding layers provided that a tight focusing condition is chosen by use of high-numerical-aperture (high-NA) focal lenses. However, the longitudinal writing scheme inherently suffers from lack of flexibility in terms of writing 3D photonic circuits due to the limited working distances of high-NA lenses.
In this article, we demonstrate transverse writing of the tubular waveguides by focusing slit-shaped femtosecond laser beams in glass to form the tubular claddings. Single-mode propagation in the fabricated waveguides has been achieved, providing variable mode field dimensions as small as ~4 μ m × 4 μ m.
Results and Discussion
In this work, ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF (ZBLAN) fluoride glass was used as the substrate. ZBLAN glass has a superior infrared transmittance (up to 7 μ m), low refractive index (1.50), low dispersion and a low temperature dependence of refractive index. It has been reported by Lancaster et al. that the refractive index change induced by femtosecond laser irradiation in ZBLAN glass can reach a value between ~− 1.5 × 10 −3 to ~− 1 × 10 −3 , which is sufficient to form the cladding for constructing tubular waveguides 9 . The experimental setup is illustrated in Fig. 1 . The experimental details are provided in Methods. Here, to facilitate the flexible spatial beam shaping, we used the same layout as reported by Salter et al. 18 . To optimize the focusing parameters, numerical simulations were performed. Figure 2 presents the simulated light distributions of a femtosecond laser pulse focused in glass after first passing through a slit as schematically illustrated in Fig. 1 and then an air objective of NA = 0.80. Considering that the refractive index of the ZBLAN glass is ~1.5, an NA of 0.80/1.5 = 0.53 was chosen in our simulation. The simulations of the intensity distributions of the focal spots in the Y-Z plane (see, the coordinates indicated in Fig. 1 ) were performed using Fresnel diffraction formula 19 where E 1 is the light field at the entrance aperture of the objective lens, k and λ are the wave number and wavelength of the light in the glass, and f is the focal length of the objective lens. It should be noted that to use the above formula, we have replaced the slit-shaped beam with an elliptical Gaussian beam whose waists along the long and short axes are the same as the length and width of the slit, which can be expressed as where E 0 is the constant field amplitude, 2S x and 2S y are the slit size along the x axis and y axis, respectively. Such an approximation significantly simplifies the calculation whilst provides the similar results as that obtained with rigorous diffraction theory 20, 21 . The results in Fig. 2 show that by properly choosing the dimensions of the slit, the slit beam shaping method can produce highly elliptical focal spots in the cross-sectional plane with either very high or very low aspect ratios. Thus, one can arrange such focal spots to construct the claddings of tubular waveguides. The horizontal sides of tubular claddings shown in Fig. 2 (a,d) are generated with a 200-μ m-width slit and a 160-μ m-width slit, respectively, and the vertical sides shown in Fig. 2 (b,e) are generated with a 2000-μ m-width slit and a 2400-μ m-width slit, respectively. As illustrated in Fig. 2(c) , a tubular waveguide with a cross section size of 6 μ m × 6 μ m can be produced by overlapping the structures induced by the focal spots in Fig. 2(a,b) ; whereas the tubular waveguide with a cross section size of 12 μ m × 12 μ m as illustrated in Fig. 2 (f) can be formed with the focal spots in Fig. 2(d,e) . Thus, tubular waveguides can be buried in various transparent materials using this scheme with a large tuning range of size and aspect ratio of the cross section. We would like to stress that the above simulations are carried out mainly as a conceptual demonstration. Meanwhile, the results in Fig. 2 also provide guidance in optimizing the experimental parameters. One must realize that many effects such as the nonlinear multiphoton ionization, self-focusing, as well as optical aberration are not taken into account in the above simulations [22] [23] [24] [25] . For this reason, the optimum experimental parameters of the slits used below are obtained by trial and error process, which are not exactly the same as that chosen above in the simulations. Figure 3 (a) shows a tubular waveguide of a cross sectional size of 6 μ m × 6 μ m written 100 μ m beneath the glass surface. To fabricate the two vertical sides of the square-shaped cladding, a laser pulse energy of 1 μ J was chosen, and the width of the slit on the SLM were set to 2000 μ m, respectively. In contrast, the two horizontal sides of the cladding were written with 4.9 μ J pulses by setting the width of the slit to 200 μ m, respectively. The scan speed for writing both the vertical and horizontal sides of the cladding was 50 μ m/s. The near-field intensity distributions captured by CCD camera are presented in Fig. 3(b,c) , showing clearly a single mode profile. To estimate the propagation loss in the waveguide, we captured the top-view image of the waveguide under a microscope when it was carrying the propagating He-Ne laser beam, as shown in Fig. 4(a) . From the exponential decay of the scattering light along the waveguide, the loss in the waveguide is estimated to be ~3.3 dB/cm. At first glance, this loss appears high as the typical loss of waveguides written in fused silica is only ~0.5 dB/cm 3 . However, we would like to point out that there is a great potential to minimize the loss by optimizing the fabrication conditions in the future. As have been discussed by Lancaster et al. in ref. 9 , the loss in the tubular waveguides written in ZBLAN glass by femtosecond laser is synergistically determined by the thickness and the refractive index change of the cladding as well as the size of mode area. Considering the fact that the thickness of the two vertical sides of the square-shaped cladding is only ~ 4 μ m, we found that our measured loss qualitatively agrees well with the modeling results by Lancaster et al. [see, Fig. 3 in ref. 9 . Indeed, as we show below, the loss is significantly reduced in a tubular waveguide of a larger mode area. In the future, we are going to reduce the loss by optimizing the thickness of the cladding in a systematical way. Meanwhile, inducing higher refractive index changes with femtosecond laser irradiation may be achievable in other glass or crystalline materials, which also enables low-loss propagation in the tubular waveguides. Fig. 2(a,b) ; (f) A 12 μ m × 12 μ m tubular waveguide can be produced by overlapping the structures shown in Fig. 2(d,e) . In all panels, the length of the slits is 6 mm.
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To experimentally demonstrate the wide range of tuning flexibility, we fabricated another tubular waveguide of a larger cross sectional size 12 μ m × 12 μ m buried 100 μ m beneath the glass surface, as shown in Fig. 3(d) . The lengths of the four sides of the cladding can be controlled by varying either the NA of objective lens or the dimensions of the slits. We took the latter option because this requires no mechanical realignment of the optical system. Furthermore, the size of the laser affected zone is also influenced by the laser pulse energy due to the nonlinear self-focusing effect, which provides another control knob for optimizing the dimensions of the claddings. To write the two horizontal sides of the cladding, the width of the slit on the SLM were changed to 160 μ m, respectively. The pulse energy was changed to 5.6 μ J to ensure a sufficiently high intensity at the focus comparable to that in Fig. 3(a) . Meanwhile, the two vertical sides of the cladding were written by setting the width of the slit to 2400 μ m, respectively. Accordingly, the pulse energy was changed to 1.6 μ J. The scan speed for writing both the vertical and horizontal sides of the cladding was set to 50 μ m/s. Unlike the single-mode profile as presented in Fig. 3(c) , we observed a high-order mode along the vertical direction in the waveguide of larger cross sectional size as shown in Fig. 3(e,f) . This indicates that the refractive index in the two horizontal sides of the cladding is too high to allow only the single-mode propagation in the fabricated waveguide. In practice, one can achieve single-mode tubular waveguides at increased mode field sizes by reducing the refractive index change induced by the femtosecond laser irradiation, which can be easily realized by varying the deposited irradiation dose (i.e., laser pulse energy and/or scan speed). The loss estimated from measuring the decay in the scattering light from the top-view image of the waveguide is ~1.0 dB/cm, which is much less than that measured in the tubular waveguide in Fig. 3(a) and is consistent with the modeling result in ref. 9 .
At last, we performed quantitative analysis of the mode profile in Fig. 3(c) , as shown in Fig. 4(b) . The transverse and vertical profiles of the mode reveals a mode field size of 3.9 μ m × 4.2 μ m (FWHM). Although in our design, the four sides of the cladding have a same length, which should in principle ensure a symmetric mode profile, the differences in the refractive indices and the thicknesses of the horizontal and vertical sides lead to the different capabilities to confine the light along these directions, giving rise to a slightly asymmetric mode profile. The issue can be overcome in a straightforward manner as our technique provides a great flexibility in controlling the cross sectional size of the waveguide through changing the dimensions of the vertical and horizontal sides.
Conclusion
To conclude, we have demonstrated fabrication of tubular waveguides buried in glass using transverse femtosecond laser writing scheme. Based on the slit-beam shaping technique developed by Cheng et al. 18 , we show that the tubular waveguides of variable cross sectional dimensions can be achieved. Our technique is beneficial for constructing 3D photonic circuits in various transparent materials whose refractive indices are subject to decrease with the femtosecond laser irradiation. The tubular waveguides inherently preserve all the linear and nonlinear optical properties of the pristine materials, which are crucial for realizing waveguide-based 3D photonic circuits with low propagation losses and large nonlinear optical coefficients.
Methods
Fabrication of tubular optical waveguides. Home-made ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF (ZBLAN) fluoride glass of a size of 10 × 10 × 3 mm 3 and polished on all six sides were used as the substrates. Figure 1 shows the schematic of our experimental setup. The output beam of a Ti:Sapphire laser (Libra-HE, Coherent Inc.) with a maximum pulse energy of 3.5 mJ, an operation wavelength of 800 nm, a pulse width of ~50 fs, and a repetition rate of 1 kHz was used. The pulse energy was controlled using a rotatable half-wave plate and a Glan-Taylor polarizer. The femtosecond laser beam, which was polarized perpendicularly to the scanning direction of laser focal spot, was first expanded using a concave lens of focal length 10 cm (L1) and a convex lens of focal length 20 cm (L2) before impinging on a reflective phase-only spatial light modulator (SLM, Hamamatsu, X10468-02). To form the slit-shaped beam with the phase-only SLM, a blazed grating with a modulation depth of 2π rad was used to maximize the diffraction efficiency of the first order. Example phase masks used for writing the horizontal and vertical sides of the cladding are presented in Fig. 1(b,c) , respectively. The first diffracted order produced by the SLM, after being focused with a lens of focal length 70 cm (L3), was filtered out using a pinhole. To obtain a sufficiently large diffraction angle, the period of the gratings in Fig. 1(b,c) were set to 420 μ m and 100 μ m, respectively. The slit-shaped beam were then imaged onto the back aperture of the objective lens (MPLFLN, Olympus) using a lens of focal length 70 cm (L4), and focused into the glass sample to write the buried waveguides. The glass sample was mounted on a computer-controlled XYZ stage with a translation resolution of 1 μ m. To fabricate the enclosed claddings, single scans of slit-shaped beams at a fixed scan speed of 0.02 mm/s were performed to write the four sides of the square-shaped claddings in such an order that the earlier fabricated structures will not influence the propagation of the laser beam in the latter scans. The fabrication parameters for writing the waveguides of different dimensions are described below in detail when the fabricated structures will be introduced. source. It is focused by a 10× microscope object lens (NA = 0.30) and then coupled into the entrance of the waveguide. Another 20× microscope object lens (NA = 0.40) is utilized as the out-coupler, through which the modal profile at the output of the structure is collected and recorded by a CCD camera.
Characterization of
To estimate the propagation loss in the waveguide, the exponential decay of the scattered light along the optical waveguide carrying the He-Ne laser was recorded with a top-view CCD camera. After recording the scattered intensity along the waveguide, an exponential fit to the data was used to determine the propagation loss. To avoid the influence of strong scattering at the input and output facets on measurement accuracy, a 5-mm-long streak scattered out of the middle area of the waveguide was selected for loss evaluation.
